We have demonstrated a novel method to enhance TiO 2 photocatalysis by adopting a new ultrathin tetrahedral-amorphous-carbon (ta-C) film coating on Ag nanoparticles to create strong plasmonic near-field enhancement. The result shows that the decomposition rate of methylene blue on the Ag/10 Å ta-C/TiO 2 composite photocatalyst is ten times faster than that on a TiO 2 photocatalyst and three times faster than that on a Ag/TiO 2 photocatalyst. This can be ascribed to the simultaneous realization of two competitive processes: one that excites the surface plasmons (SPs) of the ta-C-film/Ag-nanoparticle hybrid and provides a higher electric field near the ta-C/TiO 2 interface compared to Ag nanoparticles alone, while the other takes advantage of the dense diamond-like ta-C layer to help reduce the transfer of photogenerated electrons from the conduction band of TiO 2 to the metallic surface, since any electron transfer will suppress the excitation of SP modes in the metal nanoparticles.
Introduction
Plasmonics is a flourishing field of science and technology that exploits the unique optical properties of metal (mainly silver and gold) nanostructures to manipulate light at the nanoscale [1, 2] . Metal nanostructures derive novel optical properties from their ability to support surface plasmons (SPs). By properly engineering these metallic nanostructures, enhanced localized electric fields are formed at specific locations of the nanostructure surfaces [2] , paving the route towards improving the efficiency of many optical processes near metallic nanostructures, such as surface-enhanced Raman scattering (SERS) [3] [4] [5] [6] , metal-enhanced fluorescence (MEF) [7] [8] [9] , photocatalysis [10] [11] [12] [13] [14] [15] [16] [17] , and applications in solar cells [18] [19] [20] [21] [22] [23] [24] [25] [26] . It has been shown that SERS is predominantly due to an increase in the local optical near field [4] . However, for MEF, TiO 2 photocatalysis and solar cells, electron transfer or nonradiative energy transfer to the metal surface should be considered, which leads to a quenching effect that opposes SP enhancement [7, 9, 13, 18] .
In plasmonics, metallic nanostructures coated with dielectric layers are of great interest for the following reasons [5, 6, [27] [28] [29] [30] [31] . Firstly, compared with bare metallic nanostructures, a dielectric layer coating separates them from direct contact with the photonic processes [6, 22] , thus allowing metallodielectric nanoparticles to provide an undisturbed enhanced field for optical processes under light illumination (no electron transfer process) [5, 9] . Secondly, dielectric layers can be functionalized to meet special requirements, for example, chemical stability [6, 19, 30, 31] . As is well known, an ultrathin dielectric will induce a slight loss in the plasmonic near field and give a relatively high electric field at the dielectric/air interface as well as meeting the requirements for applications. In this regard, considerable efforts have been made recently to reduce the thickness of the dielectric layer so as to decrease the electric field loss. Very thin coating layers of SiO 2 and Al 2 O 3 are often reported, which serve as spacer layers to prevent electron transfer while still providing a certain enhanced plasmonic electric field [8, 13, 21, 27] . For example, Tian's group have reported that a minimal coating of an ∼4 nm thickness SiO 2 layer can be achieved by a solution chemical method [6] . With this strategy, a relatively strong local electric field is sustained outside the thin SiO 2 coating, even though the highest electric field is still trapped in the SiO 2 layer.
In TiO 2 photocatalysis, it has been demonstrated that an enhanced plasmonic electric field can increase light absorption, thus improving the efficiency of photocatalysis [10, 14] . However, unlike SERS, a dielectric layer is indispensable because it can prevent photogenerated electrons transferring from the conduction band of TiO 2 to the metal surface [13] . On the other hand, if the photogenerated electrons transfer directly from TiO 2 to the metal, the plasmonic modes of the metal will be suppressed and there is no enhanced plasmonic electric field [13] . In addition, a recent study has reported that the plasmon modes of a single Ag nanosphere placed on a TiO 2 film can be selectively suppressed by irradiated light excitation [32] . This is due to the Ag photo-oxidative dissolution induced by electrons in the excited Ag plasmonic mode transferring to TiO 2 . Therefore plasmonic catalysts based on dielectric-metal nanostructures have been made to improve the efficiency of photocatalysis [12] [13] [14] 33] . For example, for a Ag/SiO 2 /TiO 2 plasmonic catalyst, a SiO 2 film can prevent the transfer of photogenerated electrons to the Ag core; thus the SP mode of Ag is excited under light illumination [13, [34] [35] [36] [37] [38] . However, in most cases, the strongest plasmonic electric field is still mainly confined inside the SiO 2 , as the near-field amplitude decays approximately exponentially with the distance from the Ag particle surface [27] . In dielectric/metal plasmonic enhanced TiO 2 photocatalysis, methods to improve the plasmonic electric field as well as keep the ultrathin dielectric layer free of pinholes are of scientific and technological importance. Efforts to further reduce the thickness of the dielectric layer would be a good choice.
Here, we will outline a strategy incorporating a new dielectric using tetrahedral amorphous carbon (ta-C) film (can be reduced to 1 nm) coated Ag-nanoparticle hybrids to enhance the TiO 2 photocatalysis. The ta-C film is an amorphous carbon material which contains a 90% content of sp 3 (diamond structure) bonding [39] [40] [41] [42] [43] . The ta-C film is dense and free of pinholes, even at thicknesses up to 1 nm, which surpasses dielectrics such as Al 2 O 3 , SiO 2 . We conclude that such a ta-C layer may be a good candidate for the dielectric in the application of plasmonic TiO 2 photocatalysis. In addition, in our previous report with SERS measurements, we have demonstrated that a 1 nm ta-C coated Ag nanoparticle gives Ag pinhole-free Ag, further indicating a higher electric field intensity than uncoated Ag [5] . We will show clearly that when the ta-C layer becomes extremely thin (1 nm), ta-C/Agnanoparticle hybrids can also enhance TiO 2 photocatalysis activity.
Experimental section
Silver nanoparticle fabrication. Ag nanoparticles were produced in a magnetron cluster source [44] . During the fabrication, 200 sccm argon was introduced into the liquid nitrogen cooled aggregation tube to maintain a stable gas flow with a pressure of 180 Pa. The clusters were extracted from the aggregation tube into high vacuum through a differential pumping system. Preformed clusters were deposited at low kinetic energy (<0.1 eV/atom) onto the surfaces of substrates maintained at room temperature in a high vacuum chamber. During deposition, the pressure of the deposition chamber was ∼10 −5 Torr. The deposition rate was monitored by a quartz crystal microbalance and controlled at about 0.5 Å s −1 with a discharge power of 90 W. The prepared samples were thermally annealed at 180 • C for 10 min in a vacuum. ta-C deposition. The ta-C film was fabricated by means of a multifilm deposition system in combination with a filtered cathodic vacuum arc gun [43] . The deposition rate monitored by an ellipsometer was ∼0.5 Å s −1 . TiO 2 film fabrication. The Ag/ta-C substrate was then coated with a TiO 2 film using the magnetic sputtering system. The deposition rate was ∼0.3 Å s −1 and the film thickness was about 60 nm. Finally, the Ag/DLC/TiO 2 composite film was heated to 300 • C for 30 min to obtain the anatase phase for the TiO 2 films. Characterization. The morphology of the Ag films was characterized with a scanning electron microscope (Hitachi, S-4800) operating at an accelerating voltage 2 kV and an average working distance of 8.2 mm. The structure of the TiO 2 films was evaluated by x-ray diffraction (XRD) patterns, using a Rigaku D/MAX 3C x-ray diffractometer with Cu Kα radiation (λ = 1.540 56 Å). The nanostructure analysis was performed by means of a transmission electron microscope (TEM) (JEOL, JEM2100F) and an energy dispersive spectrometer (EDS). Photocatalytic reactions. All the samples were irradiated with UV light (20 W, λ = 365 nm) for 20 h to decompose any pollutants adsorbed on the surface. The chips (1 cm × 1 cm) were respectively placed in a Petri dish filled with 0.01 mM MB aqueous solution (3 ml) in the dark for 30 min to allow the MB to adsorb onto the film surfaces. The separation distance between the UV light and the MB solution surface in the Petri dishes was controlled at 2 cm. The photodegradation of MB was initiated and conducted by UV light irradiation without stirring. We monitored the absorbance of MB corresponding to I max around 650-670 nm by means of UV-visible spectroscopy under different irradiation times. The amount of MB decomposition was determined by a linear relationship between the concentration and the absorption of MB.
Results and discussion
In our experiment, the Ag nanoparticles were first fabricated as described previously with deposition times of 10, 20 and 30 min [44] . For the Ag-nanoparticle film with a deposition time of 10 min, figures 1(a) and (b) show that the Ag nanoparticles are isolated from each other, covering the substrate with a sub-monolayer and showing no aggregation. The size distribution of the particles was measured (inset to figure 1(a)) and fits a lognormal distribution with a most frequent apparent diameter of approximately 30 nm. The Ag particles with a deposition time of 20 min also look spherical, with a diameter of approximately 60 nm (figure 1(c)). However, for a 30 min deposition time, the Ag nanoparticles are no longer spherical, becoming cylindrical with a length of 150-200 nm and a width of 80 nm due to the directional aggregation of Ag nanoparticles ( figure 1(d) ).
Next, the substrates were coated with ultrathin ta-C films with thicknesses varying from 10 to 40 Å (here denoted as Ag/ta-C). Finally, the Ag/ta-C hybrids were coated with TiO 2 films with a thickness of 60 nm (here denoted as Ag/ta-C/TiO 2 ). In our experiment, the TiO 2 films were fabricated using magnetic sputtering. After TiO 2 deposition, Ag/ta-C/TiO 2 composite films were formed and further heated in the atmosphere at 300 • C for 30 min. The surface morphology of the Ag/ta-C/TiO 2 films was also characterized and is shown in figure 2 . The results show that the TiO 2 films are uniform and porous, which is better for the photocatalytic activity of TiO 2 films. In addition, as the deposition time of the Ag nanoparticles increases, the contact surface of the TiO 2 film will also increase.
To further observe the structure of the Ag/ta-C/TiO 2 hybrids, TEM cross-sectional analysis was also performed (shown in figure 3 ). It is noted here that only the Ag/ta-C/TiO 2 hybrids with 30 min Ag deposition were selected for TEM analysis because the large particles are better observed. This result also indicates our designed structure. The specimen was thinned by dual beam FIB (Seiko 4050MS). It is noted that the C and Cr coating layers in figure 3(a) are pre-coated to protect the interface of the samples and provide better cross-sectional analysis during the FIB process. Figure 3 (a) firstly shows that the length of larger fabricated Ag nanoparticles is about 200 nm, which is consistent with the SEM observation before TiO 2 coating and thermal treatment (30 min deposition, shown in figure 1(d) ). It also indicates that the thermal stability of ta-C was sufficient to prevent aggregation or cementation of the Ag nanoparticles at 300 • C. Secondly, figure 3(a) clearly shows the different layers of the Ag/ta-C/TiO 2 film (an EDS mapping confirming the composition of these layers is shown in supplementary figure S1 available at stacks.iop.org/Nano /25/125703/mmedia). In figure 3(a) , the morphology of the prepared TiO 2 films could also be clearly observed, in which the TiO 2 film was porous with an approximate thickness of 60 nm. We remark here that the thickness of the TiO 2 film was controlled to only 60 nm in our experiments in order to ensure that the enhanced near field can reach the TiO 2 film surface. It has been reported that thicker TiO 2 films are opaque like a mirror [13] . In order to have an overall high optical transmission, the estimated appropriate thickness for the plasmonic TiO 2 photocatalysts should be thinner than 100 nm [13] . In our experiment, 60 nm TiO 2 films can sense the plasmonic near field. In figure 3(b) , an ultrathin ta-C layer could be recognized between the Ag nanoparticles and the TiO 2 layer. Figure 3(c) shows a high-resolution TEM image in which the thickness of the ta-C film was 10 Å and its structure was amorphous, confirming that the prepared ta-C films had excellent uniformity with a precisely controlled thickness. In addition, figure 3(d) shows a high-resolution TEM image of 10 Å ta-C films coated on the monitored Si substrate deposited in our experiment. The result also confirms that the ultrathin ta-C film has a good uniformity even with a thickness of 10 Å.
In plasmonic-enhanced TiO 2 photocatalysts, one important function of the dielectric layer is to prevent electron transfer from TiO 2 to the metal so that the plasmonic mode of the Ag nanoparticles can be excited, therefore we performed breakdown voltage (BDV) measurements as indirect evidence for ta-C films from 5 to 20 Å, as shown in figure 4 . The results show that the BDV of the 10 Å ta-C film was almost three times that of the 5 Å ta-C film, with little change once the thickness increases above 10 Å. In addition, in our previous paper [9] , we demonstrated that a 10 Å ta-C film can efficiently block the electron transfer and a 64-fold enhancement in quantum dot fluorescence can be achieved using 10 Å ta-C coated Au nanoprisms. Thus, ta-C films with a 10 Å thickness could be exploited to reduce the electron transfer in plasmonic TiO 2 photocatalysts both from TiO 2 to metal and from metal to TiO 2 in the excitation process for the SP [32] . Combining the pinhole-free characteristics of the prepared ultrathin ta-C film with the enhanced electric field, it suggests that the Ag/10 Å ta-C/TiO 2 hybrid might have an improved photocatalytic activity.
In order to study the plasmonic effect on TiO 2 photocatalysts, we have also performed transmission spectra measurements of Ag and Ag/ta-C, as shown in figure 5(a) . It is noted here that all the samples in the measurements were Ag nanoparticles with a deposition time of 10 min. In addition, the transmission of pure TiO 2 film was also measured for comparison. For Ag nanoparticles both ta-C coated and uncoated, the transmittance spectra have a broadband dip, due to excitation of a dipole plasmon resonance. In comparison with that of uncoated Ag, the dipole resonance of Ag/10 Å ta-C shows a very small red shift of ∼15 nm due to the ultrathin ta-C coating and is centered at ∼413 nm, and thus has a partial overlap with the illumination wavelength of 365 nm and the TiO 2 absorption band at 380 nm. The incident light can be coupled first into this tightly confined dipole resonance mode, enhancing the optical energy density near the TiO 2 , thereby resulting in a significant increase in the absorption rate such that the efficiency of TiO 2 photocatalysis will be greatly improved. For thicker ta-C coatings from 20 to 40 Å, we have confirmed that adding 10 Å would induce a steady but slight red shift of ∼15 nm in our previous paper [5] . This red shift decreases coupling of the dipole resonance with the illumination light at 365 nm, causing a decrease in the efficiency of photocatalysis in this experiment. Note that we have not shown the transmission spectrum of Ag/ta-C/TiO 2 hybrids, as only the enhanced electric field outside the ta-C film induced by the excitation of the SP mode of Ag/ta-C is useful in plasmonic-enhanced photocatalysis. For the larger 1 nm ta-C coated Ag nanoparticles, the transmission spectra are shown in supplementary figure S2 (available at stacks.iop .org/Nano/25/125703/mmedia), and the result shows that the dipole resonance has a red shift with increasing Ag size which further decouples it from the illumination light at 365 nm.
For the purpose of photocatalytic activity, a crystalline phase of TiO 2 is very important. Indeed, the anatase phase for TiO 2 has good photocatalytic activity under UV illumination [13, 45] . To reveal the structure of the fabricated TiO 2 films, XRD analysis was performed for samples treated at different annealing temperatures from 300 to 600 • C. The results are summarized in figure 5(b) . On comparison with the standard XRD spectrum of TiO 2 , it is seen that the fabricated TiO 2 films contain the anatase phase after the annealing treatment. Here, by considering the thermal stability of the ta-C films, the annealing temperature was set at 300 • C.
To evaluate the photocatalytic activity of the Ag/ta-C/TiO 2 hybrids, the photocatalytic degradation of methylene blue (MB) in aqueous solution was performed by optical absorption spectroscopy. Figure 6 shows the optical absorbance at a wavelength of 660 nm plotted against the UV light (365 nm) illumination time for pure TiO 2 , and Ag/TiO 2 and Ag/ta-C/TiO 2 composite films with ta-C layer thicknesses varying from 10 to 40 Å. It is noted here that only 365 nm light was used in the experiment, taking into consideration the TiO 2 band gap (shorter than 380 nm, shown in figure 5(a) ) and the plasmonic resonance wavelength of the Ag nanoparticles. In figure 6 , Ag nanoparticles deposited for 10 min were used, while Ag nanoparticles deposited for 20 and 30 min are shown in supplementary figure S2 (available at stacks.iop.org/Nano/2 5/125703/mmedia) and the discussion is seen later. It is clearly seen that the photocatalytic activity of all the Ag/ta-C/TiO 2 films (with a ta-C layer) is higher than the values for TiO 2 and Ag/TiO 2 . More importantly, the photocatalytic activity of Ag/10 Å-ta-C/TiO 2 is the highest. As the thickness of the ta-C layer increases, the photocatalytic activity of Ag/ta-C/TiO 2 decreases. Furthermore, the photocatalytic activity of Ag/TiO 2 with no ta-C layer is higher than that of a pure TiO 2 film. The difference in photocatalytic activities of these samples can be quantitatively evaluated by comparing their apparent decomposition rate of MB. Note that MB on a Ag/10 Å ta-C/TiO 2 film has a decomposition rate ten times faster than that on a pure TiO 2 film, while the increase in photocatalytic activity of MB on Ag/TiO 2 is about three times higher. In this comparison, an average enhancement of photocatalytic activity including the blank area (without Ag nanoparticle) for the substrates was considered. Here, we have not studied this effect on the photocatalytic activities of Ag/ta-C/TiO 2 for ta-C layers thinner than 5 Å, since at least 10 Å for the ta-C film is required to keep Ag free of oxygen and dense enough to reduce electron transfer and retain the SP mode of the Ag clusters [5, 9, 43] . Interestingly, for the strongest electric field on the surface of the ta-C coated Ag nanosphere, an optimized coating thickness of 8 Å is calculated, according to a formula deduced using a simple electrostatic analysis (see supplementary information part III available at stacks.iop.org /Nano/25/125703/mmedia). Our experiment gives a value of 10 Å for the ta-C layer, which is in a reasonable agreement with the theoretical model regarding the role of the ta-C layer mentioned above and the relationship between the ta-C layer thickness and the local electric field enhancement.
It has been shown previously that for the Ag/TiO 2 catalyst, the mechanism is attributed to the presence of Ag nanoparticles that act as an electron trap to aid electron-hole separation [45] [46] [47] [48] . Due to the effective suppression of the recombination of photogenerated charges, more photogenerated holes are left to form reactive species and thus facilitate the photodegradation of MB [48] . This electron-hole separation mechanism has now been widely exploited in enhancing TiO 2 photocatalysis [45] [46] [47] [48] [49] [50] [51] .
Plasmonic Ag/ta-C/TiO 2 catalysts show a higher photocatalytic activity, which indicates that the enhancement mechanism in the Ag/ta-C/TiO 2 catalyst is different. For the Ag/ta-C/TiO 2 catalyst, the ta-C dielectric layer can prevent the transfer of photogenerated electrons to the Ag, which is beneficial for excitation of the SP resonance mode of the Ag Figure 6 . Degradation of methylene blue (MB) under 365 nm UV irradiation, using pure TiO 2 , and Ag/TiO 2 and Ag/ta-C/TiO 2 composite films as the substrate with different ta-C layer thicknesses varying from 10 to 40 Å. Degradation was monitored at a wavelength of 660 nm in the optical absorption spectra. Ag nanoparticles deposited for 10 min were used.
nanoparticles under incident light. This enhancement of the plasmonic electric field will result in a significant increase in the photocatalytic activity of TiO 2 . As evidence, we have calculated the electric field intensity distribution of a 10 Å ta-C coated Ag nanosphere with a diameter of 30 nm under excitation at 365 nm (working wavelength) using the Mie theory [52] , shown in supplementary figure S4 (part IV supporting information available at stacks.iop.org/Nano/ 25/125703/mmedia). The result shows that a dipole electric field distribution can be seen under 365 nm excitation, which is consistent with the transmission spectra measurement for Ag/ta-C-1 nm, which shows a dipole plasmon resonance mode. In addition, this local plasmonic electric field surrounding the Ag nanoparticles is an evanescent wave and exponentially decays with distance away from the metal surface. This also explains the observed decrease of the photocatalytic activity of Ag/ta-C/TiO 2 with increasing ta-C thickness.
For further confirmation of this plasmonic mechanism, the degradation of MB with different sizes of Ag nanoparticles with the same ta-C of 10 Å was also performed, as shown in supplementary figure S2 (available at stacks.iop.org/Nano/2 5/125703/mmedia). The results show that the photocatalytic activity decreases as the size of the Ag nanoparticles increases, which can be attributed to a decrease in the overlap in the spectrum between the SP resonance and the UV excitation wavelength. The result also further proves the above plasmonic mechanism. In addition, from figure S2 (available at stacks.i op.org/Nano/25/125703/mmedia), it seems that the effect for different sizes of Ag nanoparticles on the photocatalysis is not noticeably different in comparison with figure 6. This can be ascribed to differences in the Ag-nanoparticle coverage density corresponding to the whole substrate. When the Agnanoparticle deposition time increases, the coverage density will increase, and therefore the contact area and hot spots for the TiO 2 film increase (as shown in figure 2 ). In our results, an average enhancement of photocatalytic activity including the blank area for the substrates is considered. Thus, for Ag particles with a longer deposition time, changes in the plasmonic coupling due to size effects will compete with the coverage density of the metal substrates, leading to a small difference in photocatalysis among the different sizes of Ag nanoparticles. Conversely, this small difference further confirms the plasmonic mechanism. It is noted here that, even though the 10 Å ta-C film is dense and can be thought of as a potential barrier, an electron hopping mechanism may still be possible. In our experiment, the photocatalytic activity is observed to reduce when larger Ag nanoparticles are used. We think that the electron hopping mechanism is not dominant in the enhanced photocatalytic activities, because larger Ag nanoparticles in the substrates could trap more photogenerated electrons from the conduction band of TiO 2 as a result of a greater contact surface with TiO 2 , which would lead to a higher photocatalytic activity. Thus, we believe that a plasmonic effect could be the major contribution to enhancement of the photocatalytic activity in Ag/ta-C/TiO 2 .
In summary, we have introduced ta-C coated Ag nanoparticles to enhance TiO 2 photocatalysis. This can ascribed to two important features. One is that the ta-C film is dense and it can efficiently prevent electron transfer even with thicknesses as low as 1 nm. The other is the excitation of the SP mode of ultrathin ta-C coated Ag nanoparticles. Based on our previous findings [5, 9] , 1 nm ta-C coated metal nanoparticles show a higher SP electric field at the ta-C/air interface for the metal/ta-C hybrid than that at the metal/air interface for the metal alone, which is different from previous reports. This higher electric field mostly enhances the efficiency of TiO 2 photocatalysis.
In practical applications, the durability of the Ag/ta-C hybrid is very important. The mechanical properties of ultrathin ta-C have been evaluated by many methods according to industrial standards, such as thermal stability testing, corrosion testing etc, and the results show that 1 nm ta-C has a dense structure and good durability [39] [40] [41] . Thus the durability of the as-prepared Ag/ta-C hybrid is very good and the Ag/ta-C hybrid is also stable in air and water. Additionally, if core-shell Ag-ta-C nanoparticles are fabricated, they can be incorporated onto the surfaces of thicker multipored TiO 2 films to yield a much higher photocatalytic activity when considering the decaying plasmonic near field. In addition, it is suggested here that these core-shell Ag-ta-C nanoparticles can also easily combine with visible-light catalysts to improve applications of photocatalysis in environmental protection simply by tuning the size and shape of the Ag nanoparticles [53] . These core-shell Ag (or other metal)-ta-C nanoparticles can also be introduced into photovoltaic devices, such as Si solar cells, thin film solar cells and dye-sensitized solar cells. By dispersing these core-shell nanoparticles on the functionalized surface of solar cells, the light can be concentrated and their absorption rate can be greatly enhanced.
Conclusions
In summary, we have demonstrated a novel method to enhance TiO 2 photocatalysis by adopting an ultrathin ta-C film coating for Ag nanoparticles to create strong plasmonic near-field enhancement. Our strategy allows the realization of the following two important processes: (1) providing a higher plasmonic electric field compared to the metal alone; (2) a dense diamondlike ta-C layer can help reduce the transfer of photogenerated electrons from the conduction band of TiO 2 to the metallic surface, since any electron transfer will suppress the excitation of SP modes in the metal nanoparticles. It is found that such an ultrathin coating is vital to the photonic processes. We demonstrate that the decomposition rate of methylene blue on the Ag/10 Å ta-C composite photocatalyst is ten times faster than that on a TiO 2 photocatalyst and three times faster than that on a Ag/TiO 2 photocatalyst.
